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INVESTIGATION OF THREE LOW-TEMPERATURE-RATIO COMBUSTOR CONFIGURATIONS ¢-£-7/
IN A 48-INCH-DIAMETER RAM-JET ENGINE

By Cerl L. Meyer and Henry J. Welna

SUMMARY

A preliminary evaluation was made of three types of combustor con-
figuration in a 48-inch-diameter ram-jet engine in order to select the
one with the greastest promise of efficient and stable combustion at
low fuel-air ratlios and low combustor-inlet pressures. The combustor
configurations evaluated include (l) a can-piloted configuration using
a gutter-type flame holder with can-type pilot burners for stability,
(2) an annular-piloted configuration using a gutter-type flame holder
with an annular pilot burner to provide stabillity and to serve as a
flow divider for confined fuel-alr mixing, and (5) a can-type configu-
ration using a flow divider for confined fuel-air mixing. No modifi-
cations were made to optimlize the performance of any configuration.

On the basis of this preliminary evaluation at an inlet-air
temperature of about 990° R, the annular-piloted combustor configuration
gave the greatest promise of providing combustion efficiencies and
combustor total-pressure ratios in excess of 0.90 at low fuel-air
rgtios with combustor-inlet pressures as low as 700 pounds per square
foot absolute. At a combustor-inlet total pressure of gpproximately
1200 pounds per square foot absolute, the combustion efficlency of this
configuration reached & maximum of about 0.90 at a fuel-sir ratio of
0.025 and was higher than that of the other configurstions at all fuel-
air ratios investigated below about 0.040. This combustion efficiency
was not greatly affected by a reduction in combustor-inlet pressure
to about 800 pounds per square foot absolute. The combustor total-~
pressure ratios were not appreciably different for the three configu-
rations, being about 0.905+0.01 &t a fuel-air ratio of 0.035, the
annular-pliloted configuration having the highest pressure ratio.

INTRODUCTION

As part of a general research program on ram-jet combustors, an
investigation is being conducted at the NACA lewis laboratory to
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evaluate—various ram-jet combustor designs and thus to determine design
criterls that will permlt efficient and stable combustion at combustor
flow conditions representative of those during the cruise phase of

the flight plan of a long-range missile. The performance objectives

of the investigation include the attainment of combustion efficiencies
and combustor total-pressure ratios gbove 0.90 at the following operat-
ing conditions with grade JP-1 fuel: (1) fuel-air ratios between 0.03
and 0.04 (design point, 0.035), (2) combustor-inlet pressures as low

as 1/3 atmosphere, (3) combustor-inlet Mach number of about 0.14, and
(4) combustor-inlet temperature of about 990° R.

A previous investigation of ram-jet combustors having typical
gutter-type flame holders and operating at combustor-inlet pressures on
the order of 1/2 atmosphere and less indicates that the use of a stable
heat source or pllot flame improves the stability limits (ref. 1}.
Therefore, an initial phase of the investigation was an experimental
study of some of the design features of can-type pilot burners (ref. 2).
Consideration of the combustion-efficlency and fuel-air-ratioc objJec-
tives, together with the results of other lnvestigations, leads to the
conclusion that it is advantageous to confine the injected fuel to a
portion of the cambustor air in such a way that an optimum fuel-air
ratio is maintained for masinstream combustion. The use of such a
method 1s reported in references 3 and 4, which show that large gains
in combustion efficiency at low fuel-air ratios can be obtained by
properly controlling the fuel-air mixing process. This method has
alsc been used to improve the low-fuel-air-ratio combustion efficilencies
of ram-Jjet combustors required toc-operate over a wide range of com-
bustor temperature ratios (refs. 5 to 8). As a second phase of the
investigation, an experimental evaluation (reported in ref. 9) was made
of & rectangular segment of an annular-piloted combustor with baffle-
type flame holder that incorporated the features of confined fuel-air
mixing and a high-air-flow stable pilot burner.

Following these lnitial phases of the investigation, & preliminary
evalustion was made of three types of low-temperature-ratio combustor
configurations in a 48-inch-diameter ram-jet engine and is reported
herein. The combustor configurations selected for investigation
include: (1) can-piloted, (2) annular-piloted, and (3) can-type con- ...
figurations. The can-piloted combustor configuration incorporated
a gutter-type flame holder with six can-type pllot burners to provide
gtability; the design of the pllot burners was based on the results of
reference 2. The design of the annular-piloted combustor configuration
was based on the results of reference 9 and is descrlbed therein; the
annular pllot burner served both as a flow divider that permitted
confined fuel-alr mixing and as a continuous source of ignition and
thus stabllity for a gutter-type flame holder. The can-type combustor
configuration incorporated a flow divider for confined fuel-air mix-
ing. One of each type of combustor configuration was investligated;
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no modifications were made to optimize the performance of any configu-
ration. This preliminary evaluation was intended to indicate the most
rromlsing configuration for the previously stated performance objectives,

The investigation was conducted in a direct-connect installation in
an altitude chamber over a limited range of fuel-air ratio at combustor-
inlet total pressures from about 700 to 1300 pounds oDET square foot
absolute with an inlet-air temperature of sbout 990° R. This inlet-
alr temperature corresponds to the standard total temperature at a
flight Mach number of 2.75 for altitudes sbove the tropopause.

APPARATUS
Installation

A schematic diagram of the direct-connect installation of the ram-
Jet engine in an altitude chanber of the NACA Lewls propulsion systems
laboratory is shown in figure 1. Inlet air entered the chamber and
passed through angle-iron blockage and smoothing screens before enter-
ing the engine through a bellmouth inlet. A bulkhead and & labyrinth
seal prevented leakage of inlet air into the test section. The hot
gases from the engine passed lnto the exhaust section through an ex-
tension that prevented recirculation of the hot exhaust gases into the
test section. The combustlon wae observed through a periscope directly
behind the engine.

Engine

A schematic drawing of the 48-inch-diameter ram-jet engine is
shown in figure 2. The engine station numbers indicate the number of
inches from the engine inlet, which ls designated statlon O. The
engine-inlet diffuser was a cone with an included angle of 30°. The
48-~inch-diameter combustion chamber extended from the diffuser outlet
(station 30.6) to the exhaust-nozzle inlet (station 89.5) and was
water-jacketed from station 40.6 to station 89.5. Affixed to the exit
of the combustor was a 19-inch-long convergent water-jacketed exhaust
nozzle with a cylindrical throat 6 inches long and 32.75 inches in
diameter.

Detalls of the instrumentatlion used to measure pressures and
temperatures at the various stations are also shown 1n figure 2.
Combustor Configurstions

The three types of combustor configuratlion investigated are des-
cribed in the followlng paragraphs.

L
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Can-piloted configuration. - The can-piloted combustor configu-
ration used & conventionsl baffle~ or gitter-type flame holder into
vhich six can-type pilot burners were incorpcorated aes continuous
sources of ignition to provide stable combustion.

A schematic diagram and photographs of the can-piloted combustor
configuration are presented in figures 3(a) to (c). An 8-inch-diameter
can-type pilot burner was located in the center, and five 5-inch-
diameter can-type pilot burners were equally spaced in a circle with =
mean diasmeter of 21 inches. An annular gutter interconnected the Ffive
outer plilot burners; ten slopling radial gutters connected the center
pilot~burner with the outer pllot burners and their interconnecting
annular gutter. An outer annular gutter, which had a mean diameter of
35.5 lnches, was connected with the outer pilot burners and their
interconnecting annular gutter by 15 sloping radial gutters. Fifteen
3-inch-long radial stub gutters extended from the outer edge of the
outer annular gutter. All gutters were 2 inches wide at the down-
gtream edge. The projected area of the can-piloted combustor configu-
ration was about 43 percent of the combustor cross-sectlonal area.

Details of the pilot-burner cans, the design of-which was based
on the results of refeéererce 2, are given in figure S(d). The surface
open ares of each pillob=burner can was about 125 percent of its dis-
charge cross-sectionsal ares.

Two fuel systems were used in the can-piloted combustor configu-
ration, one supplying fuel for the pilot burners and the other for
mainstream combustion (fig. 3(a)). The center and outer pilot burners
were each fitted with single fuel-spray nozzles rated at about 80 and
40 gallons per hour, respectively, at a dlfferential pressure of 10Q
pounds per square inch.

Fuel for mainstream combustion was injected at two locations well

upstream of the flame holder to aid vaporization and mixing (fig. 3(a)).

A 21-inch-diameter ring, fltted with 26 fuel-spray nozzles installed
to spray in the downstream direction, was located about 14 inches
upstream of station 0. In addition, six sets of radially adjustable
fuel-spray bars were located about 18 inches upstream of station 0;
each set of fuel bars included an inner and outer bar fitted, respec-
tively, with 2 and 3 circumferentislly spaced fuel-spray nozzles
installed to spray in the upstream direction. The radial position

of the inner and outer fuel-spray bars could be altered independently
to vary fuel distribution. All fuel-spray nozzles of the mainstream
fuel-injection system were of the varisble-area type and were rated
at sbout 35 gallons per hour at a differential pressure of 100 pounds
per square inch.

z117
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Annular-plloted configuration. - The annular-piloted combustor
configuration used a baffle- or gutter-type flame holder with a large
annular pilot burner as a continuous source of ignition to provide
steble combustion. The large annular pllot burner was designed to per-
mit higher pilot-burner air flow, together with more uniformly distrib-
uted pilot flame, than in the case of the six can-type pilot burners of
the previous configuration. The annular-piloted configuration is
shown 1n figure 4. The gutter-type flame holder was plasced in the
center of the combustor downstream of the pilot region to receive
beneficial stabilization from the pilot flame. The annular pilot
burner also served as & flow divider. Meinstream fuel injection, and
thus mainstream combustion, was confined to that portion of the
combustion-chamber air that passed through the circular flow area
formed by the plilot; dimensions were selected so that mainstream com-
bustion would occur at an approximstely stolchiometric fuel-air ratio
at a low over-all fuel-air ratio.

The design of the annular-plloted combustor configuration was
based on the results of reference 9 and is described therein. In
cross section, the shape of the annular pilot burner (fig. 4) was
that of an asymmetric V. The outer surface was perforated by four
rows of l/z-inch-diameter holes; the surface was carried downstream
of these holes to act as a flow divider and to provide a protected
combustion zone. The inner surface of the pilot burner was cut
longitudinelly, and the cuts were spread at the downstream end by
forming the metal into V-shape; the resulting openings provided
additional air entry for pllot combustion and permitted a gradual mix-
ing of the mainstream fuel-air mixture with the pilot combustion
process. Eight slanted radial V-gutters were attached to the trailing
edge of the inner surface of the annular pilot burner and were jolned
at their traliling edges by an annular gutter with a mean dlameter of
8 inches; these slanted radial gutters and the small annular gutter
formed additional flame seats for mainstream combustion.

Two fuel systems were used (fig. 4(a)), one supplying fuel for the
ennular pilot burner and the other for mainstream combustion. The
annular plilot burner was fitted with 32 fuel-spray nozzles rated at
5 gallons per hour at a differential pressure of 100 pounds per sguare
inch. Fuel for malnstream combustion was injected well upstream of
the exit of the annular pillot burner to aid vaporizatlon and mixing.
The malinstream fuel-injection system included 10~ and 18-inch-dlameter
fuel rings fitted with 8 and 18 fuel-spray nozzles, respectively,
installed to spray in the downstream direction; the fuel rings were
located Jjust downstream of engine station 0. The mainstream fuel-spray
nozzles were rated at 40 gallons per hour at a differential pressure
of 100 pounds per square inch,
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Can-type configuration. - The maxlimum piloting 1is obtained by s
configuration in which all of the fuel is burned in the pilot burner;
the can-type combustor may be considered such a configuration. A
schematic dlagram and photographs of the can-type combustor configuration
used In the present investigation are presented in figure 5. Detalls
of the can are given in figure 5(&); the surface open area of-the can
was about 115 percent—of the combustor cross-sectional area. A flow
divider (or control sleeve) was used to confine the injected fuel to a
portion of the combustion-chamber air so as to achieve an approximately
stolchiometric fuel-air ratio for malnstream combustion at & low over-
all fuel-air ratio; the flow dlvider also permitted use of an existing
fuel=injection system.

A slngle fuel-spray nozzle, rated at 40 gallons per hour at a
differential pressure of 100 pounds per square inch, was located in the

dome of the can. Mainstream fuel was injected well upstream of the can

to aid vaporization and mixing. The mainstream fuel-injection system
consisted of the fuel ring and fuel-spray bars used with the can-plloted
combustor configuration; all mainstream fuel nozzles sprayed in the

upstream direction. - - : A -

PROCEDURE
Test Conditions

The investigation reported herein was conducted at an inlet-air.
total temperature of approximetely 990° R, which corresponds to the
standard temperature at a flight Msch number of 2.75 for altitudes above
the tropopause. Gas-fired indirect heaters were used to raise the ’
temperature of the inlet air, so that-the air was not contaminated in
the heating process.

A choked throttling valve 1n the inlet-air line was used tuset
selected alr flows; therefore, air flow was independent of engine
operating conditions. The pressure into which the engine exhausted was
maintained at a value below that required tov choke the engine exhaust
nozzle for engine operation with mainstream burning; thus flow
conditions in the englne were independent of the facility exhaust
pressure. o

Data were obtained at air flows of approximately 40 and 6C pounds
per second and over a range of fuel-air ratio from about 0.020 to 0.045
at each air flow. At"e given engine-inlet air flow, the combustor-
inlet total pressure varied with exhaust-gas temperature (fuel-air
ratio); the combustor-inlet total-pressure range was from about 700
to 900 and 1000 to 1300 pounds per square foot absolute at air flows
of about 40 and 60 pounds per second, respectively.

3111
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Initiation of Combustion

Before ignition of the combustor, the desired alr flow was set by
means of the choked throttling valve in the inlet-air line and the ex-
haust pressure was adjusted to provide a combustor-inlet Mach number of
approximately 0.15. The pilots, pilot, or piloting region was then
ignited. After pilot combustion was stabllized, meinstream fuel was
introduced and the fuel flow was increased until stable combustion
was obtained; the exhaust pressure was reduced simulteneously as main-
stream fuel flow was increased until the exhsust nozzle was choked.

Fuel Flow

For the can-piloted combustor configuration, the fuel flows to
the can-type pillot burners, fuel ring, and adjustable bars were
independently controlled. For the annular-piloted combustor configu-
ration, the fuel flows to the annular pilot burner and to each of the
two fuel rings were independently controlled. Control of fuel flow for
the can-type combustor configuration was accomplished in & manner
similar to that for the can-piloted confliguretion. For the can-piloted
and annular-piloted combustor configurations, independent control was
used to permit pilot fuel-flow variations from O to as high as 20
percent of the total fuel flow.

In general, the fuel temperature was sbout 640° R; however, most
of the data for the annular-plloted combustor configuration were
obtained with fuel heated to sbout 750° R. The fuel used throughout
the investigation conformed to speciflcation MIL-F-5616, grade JP-1,
with a lower heating value of 18,600 Btu per pound and a hydrogen-
carbon ratio of 0.182.

Methods of Calculation

The symbols and methods of calculation are given in appendixes
A and B, respectively. Ailr flow was calculated from pressures and
temperatures measured at station 2 (fig. 2). Exhaust-gas temperature
was calculated with the gas flow, total pressure measured at the
exhaust nozzle, and a flow continuity expression that assumed a choked
exhaust nozzle. Combustion efficiency was calculated as the ratio
of actual to theoretical enthalpy rise. The net thrust coefficient
was based on the combustor cross-sectional area.
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RESULTS AND DISCUSSION
Inlet—Conditions

In order to define the combustor environment of the present inves-
tigation, typical inlet totel-pressure profiles, together with the
varlation of average combustor-inlet total pressure and Mach number
with fuel-ailr ratio, are presented in figure 6 for the three conflgu-
rations investigated. Radial and circumferentlal inlet total-pressure
distributions (fig. 6(a)), in general, were uniform. At a glven air
flow, the combustor-inlet total pressure (fig. 6(b)) increased, and the
combustor-inlet Mach number (fig. 6(c)) decreased as fuel-air ratio was
raised. The inlet total pressure varied from about 1020 to 1320 pounds
per square foot absolute at an air flow of 60 pounds per second and
from sbout 700 to 88C pounds per square foot absolute at an air flow of
40 pounds per second within the range of the present-investigation.
Combustor-inlet Mach number varied from about 0.16 to 0.13 within the
range of fuel-air ratio investigated; this Mach number range corre-
sponds to velocities from about 245 to 200 feet per second at the in-
let temperature of 990~ R.

3111

Performance : -

Combustion efficiency. - The varilation of combustion efficiency
with fuel-air ratio is presented in figure 7(a) for the three combustor
configurations investigated. The combustion efficiency of the can-
pliloted combustor configuration varied from about 0.70 to 0.80 and, in
general, increased as fuel-air ratlo was ralsed within the range of . . e
fuel-air ratio and fuel distribution investigated; maximm combustion
efficiency would have been obtained, therefore, at a fuel-alr ratio
beyond the range of interest in the present lnvestigation. With a
given fuel-injection system, the data obtained at alr flows of about
40 and 80 pounds per second indicate that combustion efficiency was not
appreclably affected by combustor-inlet pressure (fig 6(b)) within the
range investigated. At a fuel-air ratio of about 0.034, there was s
trend of increased combustion efficiency with decreeased pilot fuel flow.

The combustion efficiency of the annular-piloted combustor configu-
ration reached & maximum of about 0.90 at a fuel-air ratic of 0.025,
decreased to about-0.65 at a fuel-air ratio of 0.045, and was not
apprecisbly affected by combustor-inlet pressure (fig. 6(b)) within the
range investigated. Most of the data were obtained with heated fuel
(about 750° F); however, data obtained at a fuel-air ratio of 0.035
with unheated fuel (about 640° R) indicate that fuel temperature had . S
essentially no effect-on combustion efficiency within the range inves-
tigated. Combustion efficlency was alsc essentially unaffected by
variations in pilot fuel flow within this range at a fuel-alr ratio of
about 0.035.
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The combustion efficiency of the can-type combustor configuration
reached a maximum of about 0.78 at & fuel-alr ratio of 0.035 and
decreased to sbout 0.70 at fuel-alr ratios of sbout 0.028 and 0.044.

Data were obtalined only at an air flow of approximately 60 pounds per
second. Visual observation of the combustion by means of the periscope
indicated there were s8ix regions of flame within the can in line with

the fuel-spray bars, which may be indicative of nonuniform circumferential
fuel distribution.

The combustion efficiency of the annular-piloted combustor configu~
ration was higher than that of the other configurations at fuel-alr
ratios below about 0.04. The maximum combustion efficiency of the
annular-piloted configuration was of approximately the desired level
(0.90) but at & fuel-air ratio below that which was considered as the
design-point fuel-gir ratio (0.035) in the present investigation. The
meximum combustion efficiency of the can-type combustor configuration
was obtalned at the design-point fuel-air ratlio but was lower than
desired. The combustion efficiency of the can-piloted combustor
increased as fuel-air ratio was raised within the range investigated,
was lower than that of the other configurations at the design-point
fuel-alr ratio of the present investigation, and was higher than that of
the other configurations at fuel-air ratios sbove about 0.04.

Combustor total-temperature ratio. - The variations of cormbustor
total-temperature ratio with fuel-air ratio are presented in figure
7(b) for the three combustor configurations. 1In general, the trends
of temperature ratio with fuel-air ratio reflected the trends of
combustlion efficiency with fuel-air ratio.

The combustor total-temperature ratio cobtained with the can-piloted
combustor conflguration increased continuously as fuel-air ratio was
ralsed, as 4did combustion efficiency, within the range lnvestigated.

The temperature ratlio of the annular-pliloted configuretion was a
maximm at a fuel-air ratio of about 0.038, and that of the can-type
combustor configuration appeared near a maximum at a fuel-air ratio of
0.046; that the temperature ratio reached a maximum value, within the
fuel-air-ratio range investigated, was due to the trend of decreased
combustion efficiency. The temperature ratlio of the annular -piloted
combustor configuration was higher than that of the other configurations
at fuel-alr ratios below sbout 0.038; at richer fuel-air ratlos, the
can-piloted combustor permitted higher temperature ratios than the

other configursations.

Combustor total-pressure ratio. - The varistion of combustor total-
pressure ratio with fuel-air ratio is presented in figure 7(c) for the.
three combustor configurations. The total-pressure ratioc varied only
slightly with fuel-air ratio and was not appreciably different for the
three configurations.
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Net thrust coefficient. - In providing thrust, combustion efficien-
cy (or combustor total-temperature ratio) and combustor total-pressure
ratio are both important factors and should be high for a given fuel-
alr ratio. The effects of these factors are combined in the net thrust
coefficient, the variation of which with fuel-air ratio 1s presented
in figure 7(d) for the three combustor configurations (flight Mach
number , 2.75). ‘Inasmuch as combustor-inlet pressure, pilot fuel flow,
and fuel temperature did not have appreciable effects on combustion
efficiency and, therefore, would not eppreciably affect the net thrust
coefficient, these variables are not ldentified in the figure; all
data are shown for each configuration, and a portion of the data scatter
is attributed to the aforementioned variables. The dashed curve
shows the theoretical maximum net—thrust coefficient that would be
obtained with a combustion efficiency of .1.0, & combustor total~
pressure ratlo of 1.0, and the exhaust-nozzle velocity and fliow
coefficients used for. the actual data.

For the three combustor. configurations investigated, the trend of
net thrust coefficlent with fuel-air ratio reflects primarily the trend
of combustion efficiency with fuel-azir ratio, inasmich as the com-
bustor total-pressure ratlios were not appreciably different. The net
thrust coefficient of the can-plloted combustor conflguration increased
continuously as fuel-alr ratio was raised wilthin the limits investi-
gated, as did conbustlion efficiency; that of the annular-plloted ——
combustor configuration reached & maximm value at a fuel-air ratio of
gbout—0.04 and decressed as fuel-air ratio was further raised because
of reduced combustion efficiency; and that of the can-type combustor
configuration was approaching a maximum value at the highest fuel-sair
ratio investigated because of the trend of decreased combustion
efficiency at high fuel-air ratios. The annular-piloted combustor con-
figuration had the highestnet thrust coefficient of the configurations
investigated at fuel-alr ratios below about 0.041; at richer fuel-air
ratios, the can-plloted configuration had the’ hiéhest net thrust
coefficlent of the three configurations.

Comparison of Configurations
The performance of the three conmbustor conflgurations, evaluated

in the present investigation, is compared in the following table at
the design-point fuel-air ratio of 0.035:

231311
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Combustor Combustion Total- Total- Net
configuration |efficiency, | temperature| pressure thrust
n ratio, ratio, coefficient,
To/Tp Pe/Pp Fr/A
Annular-piloted 0.83 2.78 0.915 0.53
Can-type .78 2.66 .895 .49
Can-piloted .74 2.62 .905 .45

The best performance characteristlics at the design-point fuel-ailr ratio
and the highest combustion efficiency wlthin the range of fuel-air
ratio investigated were obtained with the annular-plloted combustor
configuration. The maximum combustion efficiency of this configuration
was approximetely 0.90 at a fuel-air ratio, of about 0.025. Of the
three combustor configurations investigated, the annulaer-piloted com~
bustor configuration, therefore, eppears to have the mogt promise of
attaining the desired combustion efficiency at the design-point
conditions.

One of the major differences that exlst among the three combustor
configurations investigeted is the method of controlling fuel distri-
bution. In the annular-piloted and can-type combustor configuratiouns,
the mainstream fuel was confined mechanlically to a portion of the
combustor air to achieve an approximstely optimum fuel-air ratio for
mainstream combustion at low. over-gll fuel-air ratio. 1In the can-
plloted combustor configuration, the radial position of the mainstream
fuel-injection system was controlled in an attempt to establish
optimum local fuel-air ratios for mainstream combustion without
mechanical means of confining the fuel to a portion of the combustor
ailr. Maximum combustion efficlency was obtained at low over-all fuel-
alr ratio with the annular-piloted and can-type combustor configurations;
whereas, the optimum fuel-alr ratio for maximum combustion efficiency
of the can-piloted combustor configuration was gbove the limits of ]
interest in the present investigation. The results indicate the impor-
tance of mechanically confining the mainstream fuel to a portion of the
combustor air in order to obtain maximum combustion efficiency at low
over-all fuel-air ratio. The use of flow dividers as a means of fuel-
air mixture control to improve low-fuel-air-ratio performance has been
reported in references 3 to 8.

The major differences, other than fuel system, that exist among
the three combustor configurations are the design and arrangement of the
flame holders and the available burning length. QGQutter-type flame
holders were used in the can-piloted and annulasr-piloted combustor
configurations. The can-plloted combustor configuration used conven-
tional annular V-gutters with interconnecting sloped radial V-gutters.
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In the annular-piloted combustor conflguration, sloping radial V-gutters
were used both as the inner surface of the annulus and downstream of the
annulus to permit gradusl mixing of the malinstream fuel-air mixture with
the combustion process. Combustion within the annulus was protected by
the outer surface and took place in a zone of expanding volume that
provided low flow velocity and thereby permitted combustion to be com-
pleted in a relatively short length. The investigation of reference

8 indlcated somevhat higher combustion efficliency at low fuel-air ratio
for a configuration that used sloplng-channel gutters with a protected
combustion region than for one using conventional annular V-gutters.
Since the available burning length (figs. 3(a) and 4(a)) was not
appreciably different for the can-plloted and annular-piloted combustor
conflgurations, the performance differences between these two configu-
rations are attributed to the method of controlling fuel distribution
and to the design and arrangement of the flame-holding system.

The can-type combustor configuration used a conventional can-type
flame holder. The available burning length for this configuration
(fig. 5(a)) was shorter than that for the other two combustor configu-
rations, as would be expected for Installations in a given over-all
length. The short burning length, together with the previously
mentioned possible nonuniform clrcumferential fuel distribution, caused
the maximum combustion efficlency of the can-type combustor configu-
ration to be lower than that of the annular-piloted combustor
configuration.

The annular-piloted combustor configuration was designed specifically

for the present type of installation and operating conditions as a
result of the investigation, reported in reference 39, of a rectangular
segment of a similar configuration. This configuration, therefore, was
more highly developed for the specific application than were the can-~
piloted and. can-type conmbustor configurations. In order to permit
comparison of the combustion efficlencies of the full-scale annular-
plloted combustor configuration and of the rectangular segment of a -
simlilar configuration, date from reference 3 are presented in figures

8 and 9 of the present report.

Figure 8, which is based on figure 9 of reference 9, presents the

variation of combustion efficiency with fuel-air ratio for a rectanguler ..

segment of the annular-piloted combustor configuration developed during
the investigation reported therein. Combustion efficiencies of 0.90 or
higher were obtained at the design-point fuel-alr ratio of 0.035 at.
combustor-inlet pressures of about 700 to 850 pounds per square foot
absolute. These results further ilndicate the potential combustion
efficiency of the full-scale annular-plloted combustor configuration
at the design-point conditions. Figure 9, based on figure 8 of ref-
erence 9, shows that the configuration evaluated in that investigation

111
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was sensitive to fuel distributionx in that variation in the fuel-
injection system changed the fuel-ajir ratio at which maximum combustion
efficiency was obtained; however, such changes did not appreciably
affect the maximum combustion-efficiency level.

In the present investigation of the full-scale annular-piloted
combustor configuration, only one fuel-injection system was used. The
fuel-air ratio (0.0ZS) for maximim combustion efficiency corresponded
very closely to that for the configuration of reference 9 (fig. 9) for
which fuel was sprayed in the downstream direction. From the results
of reference 9, it would appear that optimization of fuel distribution
mey permit attainment of maximum combustion efficiency at the design-
point fuel-air ratio of 0.035. If optimization of the fuel distribution
does not prove adequate &8 & means of permitting maximum combustion
efficiency at the desired fuel-ailr ratio, it is believed that this
objective can be accomplished through proper sizing of the annular
pllot burner as a flow divider. An effect of flow-dlvider size, together
with the required fuel-distribution modification, on the optimum fuel-
alr ratio for maximum combustion efficiency may be noted in reference 3.

CONCLUDING REMARKS

Of the three combustor configurations evaluated at an inlet-air
temperature of about 990° R in the present investigation, the annular-
piloted combustor configuration had the highest combustion efficiency,
combustor total-temperature ratio, and net thrust coefficient at the
design-point fuel-alr ratio of 0.035. The combustor total-pressure
ratios of the three configurations were not appreciably different. A
maximim combustion efficiency of about 0.90 at a fuel-air ratio of
0.025 was obtained with the annular-piloted configuration at a combustor-
inlet total pressure of approximately 1200 pounds per squaere foot
absolute; the combustion efficiency of this configuration was not
apprecisbly affected by reduction in combustor-inlet total pressure to
sbout 800 pounds per square foot absolute. In the annular-pliloted
combustor configuration, the outer surface of the annular pilot burmer
provided a protected region for combustion within the surface and
served as a flow divider to provide a mainstream combustlion region with
an approximately stolchiometric fuel-sir mixture at low over-all fuel-
air ratio. This configuration used sloping radial V-gutter flame
holders.

A meximum combustion efficiency of sbout 0.78 at & fuel-air ratio
of 0.035 was obtained with the can-type combustor configuration at a
combustor~inlet total pressure of approximately 1200 pounds per square
foot ebsolute. This configuration used a conventional can-type flame
holder and also incorporated a flow divider to provide a mainstream



14 b ] NACA RM ES53K20

combustion region with an approximately stoichiometric fuel-air mixture
at low over-all fuel-air ratio. Circumferential distribution of fuel
within the flow divider may heve been nonuniform for the can-type
combustor configuration, and the burning length of this configuration
was shorter than that of the other conflgurastions investigated.

A maximum combustion efficlency of-about 0.80 was obtalned at the
highest fuel-air ratio (0.045) investigated with the can-piloted
combustor configuration. This configuration used a flame holder consist-
ing of conventional annular V-gutters interconnected with sloping radial
V-gutters and included can-type pllot burners to provide combustion
stability. In the can-plloted combustor conflguration, the radial = .. __
position of the mainstream fuel-injection system was controlled in an
attempt to provide optimum local fuel-air ratios for malnstream combus-
tion at low over-all fuel-air ratio without a mechanical flow divider.

The annular-piloted and can-type combustor conflgurations, which
incorporated mechanical flow dividers for control of the fuel-alr mixing
process, achieved maximuim combustlon efficiency at low fuel-air ratilo.
The combustion efficliency of the can-piloted combustor configuration,
which did not incorporate s mechenical flow divider, increased continu-
ously as fuel-glr ratio was ralsed within the range investigated. The
results indicate the importance of mechanically confining the mainstream
fuel to a portion of the combustor alr In order toobtaln meximim com-
bustion efficiency at low over-all fuel-alr ratio. The design and
arrangement of the flame holders and the available burning length also
influence the performance differences among the three combustor
configurgtions.

On the basis of the performance capabilities demonstrated in the
present preliminery evaluation, the snnular-piloted combustor configu-
ration has the greatest promise of permititing combustion efficiencles
in excess of 0.90 at low fuel-air ratio with combustor-inlet pressures
as low as 70O pounds per square foot absolute. It is believed that,
through optimization of fuel distribution or through s combination of
sizing the annular pilot burner properly as a flow divider and optimiz-
ing of fuel distribution, the desired performence can be obtained with
the annular- piloted.combustor configuration at—the design-point fuel-
alr ratio. T

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, December 4, 1953
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APPENDIX A

SYMBOLS

The following symbols are used 1n this report:

A area, sq ft

a speed of sound, ft/sec

Ca exhaust-nozzle area coefficlent

C exhaust-nozzle veloclity coefficient

Fy net thrust, 1b

f/a  fuel-air ratio

acceleration due to gravity, 32.2 ft/sec2
enthalpy, Btu/lb of air

lower heating value of fuel, Btu/1b

Mach number

H 2 F H ®

total pressure, lb/sq £t abs
static pressure, lb/sq ft abs
dynamic pressure, lb/sq £t abs
gas constant, 53.4 £t-1b/(1b) (°R)
total temperature, °r

velocity, ft/sec

5 < H W oo o

flow rate, 1b/sec

ratio of specific heats

—<

combustion efficiency

=3

Xr term accounting for the difference between enthalpy of carbon
dloxide and water vapor in burned mixture and enthalpy of
oxygen removed from air by their formation, Btu/1b
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Subscripts:

a air

b  conmbustor

f- fuel

g gas

w  water . L e
X exit of-theoretical diverging exhaust nozzle

0 theoretical fllght condltion

2 alr-flow messuring station (engine station -28)
4 combustion-chamber inlet (48-in. diam.)

5 exhaust-nozzle inlet (engine station 83)

6 exhaust-nozzle throat (englne station 103)

7 exhaust section of test chamber

SO NACA RM ES3K20

3111
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APPENDIX B

CALCULATIONS

Alr flow. - The alr flow at station 2 was calculated from pressure
and temperature measurements by use of the equation

zAz\ Yi*sm ( )

where v = 1l.4. Ieakage through the engine flanges was approximately
accounted for through use of a calibration technique.

Fuel-air ratio. - The fuel-air ratio was calculsted directly from
the measurement of fuel flow and air flow:

Ve
t/a = 55500

vhere Wp was measured in pounds per hour.

Combustor-inlet Mach number. - The combustor-iniet Mach number was
computed from the pressure readings at station 2 and the area ratio
AZ/A4, with isentropic flow between statlion 2 and 4 assumed.

Combustion-chamber-outlet total temperature. - The combustion-
chamber-outlet total temperature was calculated from total-pressure
readings at the exhaust-nozzle throat, the gas flow, and the nozzle
throat area. It was assumed that the nozzle was choked and that the
exhaust-nozzle area coefficient Cp was equal to 0.995. The area
blocked by the rake at the nozzle throat was accounted for in A6.
The expression for Tg 1is

2

o - (Fe%%) g ___Ts
6 Wg,s R T6+l

i Terl Yo
<

In the calculation of TS’ Yg Vas first assumed, and by trial-and-error
method the final value of Yg Was determined for the final T6 end the

appropriate fuel-air ratio. The gas flow Wg,s ls the sum of the air
flow Wa,z and fuel flow We.
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Combustion efficiency. - Combustion efficiency was defined as

_ actual enthalpy rise across the engine
n= heat input

0%3,6 - H&,Z) + g A+ Hy
z bp

where the first—term in the numerator represents the change in enthalpy

of the air; and the second term, the difference between the enthalpy
rise of the exhaust gases and the enthalpy rise of the air between
temperatures T2 and Tg- The value of H, represents the enthalpy

rejected to the engine water jackets.

Net thrust coefficient. - The net thrust coefficient used 1n the

present report is defined as FN/AbqO The net thrust FN was calcu-

lated from —————

W W
R el

and Abqo was determined from

W Ma
Apdg = AbgAgo

where CV was assumed equal to 0.95Q; A,, V4, and py are-the area,

theoretical velocliy, and static pressure at the exit of a convergent-—

divergent exhsust nozzle (which would be used in flight but was not
used in this investigation); Ax was assumed equal to Ab’ the com-
bustor area; Wg,g and Wy are the engine gas and air flows, respec-

tively; My was assumed equal to 2.75; ag 1is the gpeed of sound at the
NACA standard static temperature for altitudes above the tropopause; AO

1s the capture area; and Ab/AO was assumed equal to 2.193.
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(&) Schematic dlagram. (All éimensions in inches.)

Figure 3. - Can-plloted combustor conflguratiom.
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(b) View from upetreem,

Figure 3. - Continued, Can-pilloted combustor conflguratlon.
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(c) View from downatreanm.

Figurs 3. - Coniinued, Can-plloted combusior configuretion.
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Flgure 3. - Concluded. Cen-piloted combustor configuration.
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Figure 4. - Continued.

(b) Cutaway view.

Annular-plloted caombustor configuration.
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(¢) View fram upstream.

Flgure 4. -~ Contlnusd. Ammwlar-piloted cambustor configuration,

C-32141
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Figure 4. - Concluded.

D S
(d) View from downstream.
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Ammular-plloted cambustor conflguration.
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{a) Schematic disgram. (A1l dimensions in inches.)

Figure 5. - Can-type conbustor configuration.
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(b) View from upstream.

Can~-type combustor configurasticn.

- Contlnued.

Figure 5.



32

\_.. PRI, oL - p .
NM R { C-32143

SR NACA RM E53K20

X
£
-

(o) View from downstream.

Figure 5. - Concluded.

Cen-type combustor configuration,
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Flgure 6. - Combustor-inlet conditions for three low-temperature-ratio combustor
Inlet-alr temperature, §90° R.
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Figure. 6. - Continued. Combustor-inlet conditions
for three low-temperature-ratio combustor config-
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Figure 8. - Variation of combustion efficiency with fuel-alr ratio et two burner-inlet pressures
for rectenguler segment of annular-plloted combustor configuration. Burner-inlet temperature,

530° F; burner-inlet Mach number, 0.130.

(Based on f£ig. 9 of ref. 9.)
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Figure 9. - Effect of method of fuel injection on variation of combustlon efficiency
with fuel-air ratio for rectangular segment of annular-piloted combustor configura-
tion. Burner- inlet pressure, 704 pounds per square foot absolute; burner-inlet

tempersture, 530° F; burner-inlet Mach munber, 0.150.

(Based on fig. 8 of ref. 9.)
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